Summary -Eighty four new and four published ITS1-5.8S-ITS2 sequences of rDNA obtained from different populations of 24 nominal species and 28 isolates of 16 putative Steinernema species were analysed using the maximum parsimony method. In most of the phylogenetic trees obtained from different ITS alignments and phylogenetic procedures, the 84 isolates formed five main, highly or moderately supported, clades, viz Clade I: 'affine-intermedium'; Clade II: 'carpocapsae-scapterisci-tami'; Clade III: 'feltiae-krausseioregonense'; Clade IV: 'bicornutum-ceratophorum-riobrave'; and Clade V: 'arenarium-glaseri-karii-longicaudum'. The ITS rDNA data were found to be of little utility in resolving relationships between these clades, but were useful in studying relationships between species within certain clades. The level of intra-specific variability was different between clades with sequence divergence of 2.4-2.8% of ITS rDNA for some species. Analysis of a combined data matrix of both molecular and morphological features was performed with six qualitative and three quantitative features.
The genus Steinernema Travassos, 1927 is the most intensively studied group of nematodes associated with insects. Although only about 30 species of the genus have been described to date, greater specific diversity is expected Kerry & Hominick, 2002) . Nematodes of this genus are found in virtually all terrestrial habitats supporting vegetation (Elawad et al., 1997; Waturu et al., 1997; Phan et al., 2001a, b; Shahina et al., 2001; Hominick, 2002) . Poinar (1993) proposed hypothetical evolutionary links between Steinernema and other rhabditids based on morphological data. Relationships of the genus Steinernema with alloionematids and strongyloidids were also suggested (Spiridonov & Belostotskaya, 1983) . The closeness of Steinernema with Strongyloides Grassi, 1879 and some other rhabditid genera was recently proved by analyses of 18S rDNA sequences (Blaxter et al., 1998) .
Several attempts have been made to compare morphological and molecular approaches for reconstructing the phylogeny of the genus Steinernema. Liu and Berry (1996) presented phylogenetic relationships derived from the analysis of both RAPD fragments and 11 morphological features for 14 Steinernema species. Reid (1994) and Reid et al. (1997) analysed the restriction fragments of ITS1-5.8S-ITS2 PCR products generated by 17 restriction enzymes and proposed a phylogram in which the clades correspond to conditional groups of species such as 'steinernematids with long juveniles' or 'steinernematids with short juveniles'.
The first attempt to use sequencing data for Steinernema phylogenetic analysis was based on analyses of the partial 18S gene of rDNA (Liu et al., 1997) . This region, however, was found to be too conservative for constructing a resolved phylogeny of this genus. Sequences of the ITS1 region of rDNA and mitochondrial COII and 16S rDNA genes for seven species of Steinernema were analysed by Szalanski et al. (2000) . The authors obtained trees which were in good concordance with the morphological features of the species and considered these genes to be good candidates for phylogenetic reconstruction of the group. Analyses of sequences of ITS1-5.8S-ITS2 regions obtained from ten steinernematid species revealed several groups with significant bootstrap supports (Nguyen et al., 2001; Nguyen & Duncan, 2002) . Comprehensive phylogenetic analyses based on combined morphological and molecular (D2-D3 expansion segment of LSU rDNA) data, including 21 species of Steinernema, were made by Stock et al. (2001) .
All of these studies revealed trends in Steinernema phylogeny. Unfortunately, many species and isolates were not included so that their position within the genus was left uncertain. In our study, the ITS1-5.8S-ITS2 sequences of different Steinernema isolates maintained at CABI Bioscience, Egham, UK, and CLO, Merelbeke, Belgium were analysed. Several aspects of phylogenetic analyses for the Steinernematidae were set as the main goals for the present work, these being: i) to study relationships between the main groups of Steinernema using maximum parsimony. It was hypothesised that newly obtained sequences might resolve relationships inside this taxon. In this analysis we included species belonging to different groups (based on gross morphology, e.g., infective juvenile length) in the genus. As alignment ambiguity is a common event during ITS rDNA analysis of divergent sequences, several alignments were generated under different combinations of gap opening and gap extension penalties and then analysed separately; ii) to reveal relationships between species and isolates within several main groups. All sequences of isolates belonging to a certain group were included in the alignment and analysed using maximum parsimony; iii) to test congruence of morphological and molecular phylogeny of Steinernema. The morphological and morphometrical characters used by Liu and Berry (1996) and Stock et al. (2001) were re-analysed and a new matrix proposed. The total evidence analysis was applied to obtain a tree from the matrix combining molecular and morphological data; iv) to estimate species boundaries in steinernematids based on molecular data. Sequence divergence was estimated firstly between isolates which, according primarily to their morphology, were identified as belonging to the same species, and secondly, isolates which, on the same basis, were identified as belonging to different species. The presence of autapomorphies was estimated for related species. The species delimitation was finally considered on the basis of a combination of molecular (autapomorphies, sequence divergence) and morphological evidence; and v) to reveal ecological and biogeographical implications of the contemporary evolutionary hypothesis for Steinernema. We expected that the proposed steinernematid phylogeny might demonstrate concordance in features such as habitat preference and geographical distribution patterns.
Materials and methods

NEMATODE MATERIAL
The list of studied species and isolates is presented in Table 1 . Isolates were obtained either by using Galleria baiting of soil samples collected during surveys (Bedding & Akhurst, 1975) , or were received from other laboratories. The nematodes were maintained on Galleria caterpillars and juvenile suspensions were stored at 4
• C.
MORPHOLOGICAL AND ECOLOGICAL STUDIES, AND CROSS-BREEDING TESTS
Juveniles and females were fixed in 6% formalin for both light microscope and SEM studies. For SEM, specimens were processed as described by Kozodoi and Spiridonov (1988) . The matrix of morphological features for steinernematids was created on the basis of our own and published observations (Nguyen & Smart, 1996; Artyukhovsky et al., 1997; Hominick et al., 1997; Stock et al., 1998; Pham et al., 2000; Nguyen & Adams, 2003) . Cross-breeding experiments were performed to elucidate the specific status of N and Va isolates of S. feltiae from Merelbeke, Belgium. Single juveniles from the two populations were injected into Galleria caterpillars (Akhurst & Bedding, 1978) , which were kept in Parafilm ® sealed Petri dishes until the results of the injection (presence or absence of a new generation) became obvious. Information about the habitats of the isolates was obtained during collection of materials for the present study and from the literature (Hominick & Briscoe, 1990; Gwynn & Richardson, 1996; Miduturi et al., 1997; Sturhan, 1999) .
DNA EXTRACTION, PCR AMPLIFICATION, CLONING AND SEQUENCING AT CLO
A few (1-20) juveniles were put in an Eppendorf tube containing 8 µl of worm lysis buffer (100 mM KCl, 20 mM Tris-HCl pH 8.3, 3 mM MgCl 2 , 2 mM DTT and 0.9% Tween 20), 10 µl double distilled water, 2 µl proteinase K (600 µg/ml) and homogenised (Spiridonov & Moens, 1999) . PCR amplification was performed as described by Spiridonov and Moens (1999) . Two sets of primers were used in the PCR reactions: (1) TW81 (5 -GTTTCCGTAGGTGAACCTGC-3 ) and AB28 (5 -ATATGCTTAAGTTCAGCGGGT-3 ) or (2) 18S (5 -TTGATTACGTCCCTGCCCTTT-3 ) and 26S (5 -TTTCACTCGCCGTTACTAAGG-3 ) as described by Joyce et al. (1994) and Vrain et al. (1992) , respectively. PCR products were purified using QIAquick PCR or Gel Purification Kit (Qiagen Ltd, Crawley, UK).
PCR products were used for direct sequencing using one of the following primers: AB28, TW81, 18S, 26S, M1 (5 -ACGAGCCGAGTGATCCACCG-3 ) or M2 (5 -CTTATCGGTGGATCACTCGG-3 ) with the BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems AH Nieuwerkerk a/d Ijissel, The Netherlands). The resulting products were purified using a Centriflex Gel Filtration Cartridge (Edge BioSystems Inc., Gaithersburg, MD, USA).
As initial direct sequencing of several isolates showed ambiguous positions with multiple peaks, the PCR products from these isolates were cloned and re-sequenced. The PCR product was cloned in pGEM-T vector and transformed into JM109 High Efficiency Competent Cells (Promega, Leiden, The Netherlands) according to the instructions of the manufacturer. PCR products from clones were sequenced as described above. Several clones from each isolate were sequenced to confirm polymorphisms observed from the direct sequencing approach.
DNA EXTRACTION, PCR AMPLIFICATION, CLONING AND SEQUENCING AT CABI Total genomic DNA was isolated as described by Reid and Hominick (1992) or Joyce et al. (1994) . Primers 18S and 26S, as described by Vrain et al. (1992) , were used for PCR. PCR amplification was performed as described by Reid et al. (1997) . All PCR products were cloned and then sequenced as described above.
SEQUENCE ALIGNMENTS AND PHYLOGENETIC
ANALYSIS
Alignments of the ITS1-5.8S-ITS2 sequences (with nucleotides belonging to 18S and 28S rDNA removed) were generated using Clustal W (Thompson et al., 1994) . Several alignments were generated: i) 30 alignments containing 48 Steinernema and Caenorhabditis elegans (outgroup taxon) sequences with different gap opening and gap extension penalty values for general analysis; ii) five alignments for the analysis of steinernematid groups; and iii) alignments with 35 sequences for combined morphological and molecular analysis. All studied alignments are available from the first author.
Maximum parsimony (MP) analyses were conducted with PAUP* 4.0b8 (Swofford, 1998) . The heuristic search procedure was used with 100 replicates of random taxon addition. Gaps were treated as missing data. Bootstrap (BS) analysis with 100 replicates was conducted to assess the degree of support for each branch on the tree (Felsenstein, 1985) using simple addition sequences with TBR swapping (tree-bisection-reconnection). The g1 statistic was computed by generating 10 000 random trees using the RANDTREES option in PAUP (Hills & Huelsenbeck, 1992) . The partition homogeneity test was run as implemented in PAUP with 100 replicates to determine whether the nematode phylogeny inferred from molecular data was congruent with morphological phylogeny. Trees were displayed with TreeView 1.6.1 (Page, 1996) .
Results
SEQUENCE ANALYSES OF THE ITS REGION FOR
STEINERNEMATIDS
Sequence characteristics
New complete sequences of the ITS1-5.8S-ITS2 region of the rDNA cistron were obtained for 81 steinernematid isolates and partial sequences (>685 bp) were obtained for a further three species (S. rarum -AY 171300; Steinernema sp. 13 from Pendelton, Arkansas -AY 171277; and Steinernema sp. 13 from Nebraska). Four Steinernema sequences deposited in GenBank were also used in the analysis ( 
Type locality, China AY230177 (CABI, cl) A.P. Reid
Place of sequencing: CABI, CLO; cl -cloning and sequencing; di -direct sequencing. (285 bp and 274 bp, respectively). The length of the 5.8S gene sequence was constant for most isolates (156 bp), except for S. tami and Steinernema sp. 11 (154 bp). Nucleotide base composition was: A -24.5 (21.2-28.7)%; C -17.1 (12.5-21.7)%; G -22.7 (17.4-26.9)%; T -35.8 (29.9-42.9)%.
Intra-specific and inter-specific variation
The intra-specific variability of the S. feltiae ITS sequences ranged from 0-1.6% for European populations and reached 2.4% between the British (A2) and the Armenian isolates. Within clones, three types of ITS1 sequences were distinguished with respect to the presence of indels in positions 150-170 in the S. feltiae sequences: (a) without deletions, (b) with six nucleotide deletions and (c) with ten nucleotide deletions (Fig. 1) . The third type can be distinguished from the first by the absence of DdeI restriction site (Figs 1, 2) . Both RFLP and sequences of the ITS region of S. feltiae from Belgium revealed that individuals contained ITS sequences of the third (Va, clone 4) and first type (Va, clone 1). Crosses of the Belgian isolate Va containing the two ITS types with another Belgian isolate N having only one ITS type were fertile and the progeny contained both ITS types (Fig. 2) .
The sequence differences between S. kraussei isolates usually varied between 1-11 bp (up to 1%) but reached 21 bp (2.8%) between the UK (B2) isolate and the Moscow isolate. The sequence divergence of S. affine ranged from 0.2-0.6% (2-5 bp). The difference between sequences of S. carpocapsae strains from Europe and USA was 3 bp (0.4%). Sequences of the S. bicornutum isolate from Krasnodar (Russia) differed from the topotype isolate (Yugoslavia) by 17 bp or 2.2%.
The maximal inter-specific difference in the ITS rDNA sequences was observed between S. pakistanense and S. intermedium (42.4%, 305 bp), and the minimal difference was found between Steinernema sp. 5 and Steinernema sp. 7 isolate (2.2-2.5%, 18-19 bp). It should be noted, however, that Steinernema sp. 5 and Steinernema sp. 7 have yet to be formally described as new species and thus at present our data cannot be used to create molecular criteria for species differentiation. 
MOLECULAR PHYLOGENY
Phylogenetic relationships between main Steinernema groups
Forty eight steinernematid sequences and one C. elegans sequence were aligned with different gap length and gap open penalties to study general relationships between Steinernema groups (Table 2) . MP analyses of 30 alignments generated trees containing five main clades, viz Clade I: 'affine-intermedium' group (five sequences); Clade II: 'carpocapsae-scapterisci-tami' group (four sequences); Clade III: 'feltiae-kraussei-oregonense' group (14 sequences); Clade IV: 'bicornutum-ceratophorumriobrave' group (seven sequences); and Clade V: 'arenarium-glaseri-karii-longicaudum' group (14 sequences). The consensus maximum parsimony tree obtained from one of the alignments (default options) is presented in Figure 3 . Strong support for monophyly of Clades I, II and III was evident in all studied alignments. Clade IV was strongly supported in all alignments except two which received moderate support. Monophyly of Clade V was strongly supported in trees obtained from 24 alignments, with moderate or weak support in five trees or one tree, respectively (Table 3 ). The composition of Clades I-V is presented in detail below.
The positions of S. monticolum, S. neocurtillae, S. rarum and Steinernema sp. 1 depended on the alignment (Table 3) . Steinernema monticolum was a sister for 
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Steinernema spp. 14, 15, 16 Clade III in trees generated from 23 alignments. In three cases, S. monticolum was a sister for the group composed of Clade III species and Steinernema sp. 1. In most cases, however, the inverse situation was observed when Steinernema sp. 1 was a sister for the group formed by the Clade III species together with S. monticolum. The position of S. neocurtillae was uncertain -in MP trees obtained from 13 alignments, S. neocurtillae clustered with the above-mentioned group (Steinernema sp. 1 + S. monticolum + Clade III), in trees from four alignments it clustered with Clade II, and in the remaining trees it was in a basal or sub-basal position. The bootstrap support for these positions was always weak. The sister taxon status of S. rarum for Clade V was evident in the majority of the alignments, but always with low bootstrap support (Table 3).
Relationships within Steinernema clades
Clade I -'affine-intermedium'. The alignment used for the analyses comprised 16 sequences along with those from S. rarum and S. neocurtillae (outgroups) and contained 825 bp. MP analysis revealed four equal trees of which the strict consensus tree is presented in Figure 4 . Bootstrap support for the basal position of two S. intermedium isolates from the USA was very strong.
Fig. 5. Strict consensus of two maximum parsimony trees for Clade II ('carpocapsae-scapterisci-tami') of the genus Steinernema. Bootstrap numbers (50% and more) and nucleotide changes are given on appropriate clades.
Relationships between S. affine and three putative new species (Steinernema spp. 4, 5, 7) were not resolved.
Clade II -'carpocapsae-scapterisci-tami'. For the analysis of this clade, nine sequences were compared in a 775 bp-alignment, S. rarum and S. monticolum being selected as the outgroups. MP analysis revealed two equal trees; the strict consensus being presented in Figure 5 . Steinernema scapterisci was always in the basal position. Steinernema carpocapsae was a sister to the clade composed of three isolates originating from tropical or subtropical regions: S. siamkayai, Steinernema sp. 11 and S. tami.
Clade III -'feltiae-kraussei-oregonense'. Sequences of 42 isolates were included in the phylogenetic analysis of this clade. Steinernema monticolum and Steinernema sp. 1 were chosen as the outgroup for the clade as both species usually clustered with this clade in the trees obtained in the general analyses. The length of this alignment was 825 bp. MP analysis revealed 100 maximum parsimony trees of which the strict consensus is presented in Figure 6 . The monophyly of the clade was clearly supported as well as its subdivision into the three main subclades: i) S. feltiae and Steinernema weiseri; ii) S. kraussei, Steinernema sp. 2 and S. oregonense; and iii) Steinernema spp. 14, 15 and 16 from the USA.
Fig. 6. Strict consensus of 100 maximum parsimony trees for Clade III ('feltiae-kraussei-oregonense') of the genus Steinernema.
Bootstrap numbers (50% and more) and nucleotide changes are given on appropriate clades.
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Fig. 7. Strict consensus of four maximum parsimony trees for Clade IV ('bicornutum-ceratophorum-riobrave') of the genus Steinernema. Bootstrap numbers (50% and more) and nucleotide changes are given on appropriate clades.
Clade IV -'bicornutum-ceratophorum-riobrave'. Sequences of eight isolates and two outgroups (S. rarum and S. intermedium) were used for the analysis. The length of this alignment was 840 bp. The single maximum parsimony tree (Fig. 7) revealed strong bootstrap support for sister relationships of S. bicornutum and S. ceratophorum, and for S. riobrave and Steinernema sp. 13.
Clade V -'arenarium-glaseri-karii-longicaudum'. Seventeen sequences were aligned for the analysis of this clade (alignment length: 836 bp; outgroups: S. rarum and S. neocurtillae). A single maximum parsimony tree was obtained (Fig. 8) . The bootstrap support for monophyly of the entire clade was strong. The topology of the tree coincided with the one presented in the general analyses, but differed with respect to the relationship between S. arenarium and Steinernema sp. 10 (Switzerland) and between S. diaprepesi and the clade formed by S. longicaudum and Steinernema sp. 3 (Fig. 8) . The sequence of the Azorean population of S. glaseri was identical with the topotype isolate from the USA. The 'tropical' clade, comprising S. karii, Steinernema sp. 9 (Sri Lanka) and Steinernema sp. 12 (Kenya), occupied a basal position with strong support.
Fig. 8. Strict consensus of four maximum parsimony trees for Clade V ('arenarium-glaseri-karii-longicaudum') of the genus Steinernema. Bootstrap numbers (50% and more) and nucleotide changes are given on appropriate clades.
PHYLOGENETIC RELATIONSHIPS BETWEEN SPECIES AS INFERRED FROM MORPHOLOGICAL AND
COMBINED DATA Stock et al. (2001) included 22 morphological and morphometrical characters with sequence data from the D2-D3 region of the LSU rDNA and concluded that the majority of these were homoplastic. We re-evaluated the characters of their matrix as follows: all highly homoplastic qualitative characters were removed and new states for three qualitative characters were proposed; new ranges (borders between states) were given for the three quantitative features; and three new morphological characters (spermatozoon structure, presence of bacterial vesicle, and coloration of copulatory apparatus) were added.
A light microscopy study revealed lateral horn-like projections on the anterior end of infective juveniles of two isolates of Steinernema sp. 13 from USA. These features were not mentioned in the original descriptions of S. riobrave (Cabanillas et al., 1994) or S. abbasi (Elawad et al., 1997) , although their presence was recently reported in both species by Nguyen and Adams (2003) . A total of six qualitative and three quantitative features were used to estimate the relationships between the isolates (Table 4) . The partition homogeneity test indicated substantial congruence between morphological and molecular data (P = 0.6), and the two datasets were combined. Maximum parsimony analysis generated a single tree (Fig. 9) . Inclusion of nine morphological and morphometrical characters did not influence the relationships between the species (data not shown).
Discussion
MOLECULAR AND MORPHOLOGICAL CHARACTERS IN STEINERNEMATID SPECIES DELIMITATION
Traditionally, species delimitation in steinernematids has been based on morphology and cross-breeding experiments . The availability of molecular data presents a new basis for estimating species boundaries in this group. Adams (1998) considered several paradigms for species delimitation in nematology and concluded that the presence of autapomorphy is the main prerequisite for the establishment of a new species. Stock et al. (2001) noted the absence of autapomorphies for four species during the analysis of the LSU domain for Steinernema. However, these were readily found from the ITS rDNA analysis of some of these species. Our ITS rDNA analysis of a richer set revealed two species (S. karii and S. siamkayai) lacking autapomorphies in this domain. It can be expected that reported autapomorphies for some well established species may disappear as the number of species studied increases. In this case the search 4 Spicules and gubernaculum nearly transparent or of slight yellowish coloration -(0); spicules and gubernaculum not transparent, well coloured -(1). 5 Two lateral horns present on both sides of closed mouth in infective juveniles -(0); head end of infective juveniles without lateral horns -(1). 6 Refractive inclusion present in tail tip of some infective juveniles in population -(0); no refractive inclusion in the juvenile tail tip -(1). 7 Infective juvenile excretory pore opening at level of posterior half of pharynx (i.e., mean value for D > 55%) -(0); Excretory pore may be situated on either sides of mid-part or at level of anterior half of pharynx -(1). 8 Average infective juvenile body length not exceeding 600 µm -(0); more than 1000 µm -(1); infective juveniles of intermediate size -600-1000 µm (2). 9 Tail of infective juveniles shorter than 61-62 µm -(0); tail of juveniles longer than 61-62 µm -(1).
for autapomorphies as an approach to species delimitation would no longer appear to be a sound procedure.
Alternatively, sequence divergence might be considered as an indication for independent evolutionary history in steinernematids. In our analysis, we revealed different levels of intra-specific sequence divergence in Steinernema clades ranging from 0.3-0.6% in Clade I (S. intermedium, S. affine, Steinernema sp. 5) and up to 2.4-2.8% in Clade III (S. feltiae and S. kraussei). The difference between closely related species was 2.4-2.9% in only two cases and was in excess of 3% for the others.
One of the explanations for different levels of intraspecific sequence divergence is the differences in rate of ITS evolution in steinernematids groups. It is known that higher mutation rates occur in the loops than in stems of rRNA (Dixon & Hillis, 1993) and that differently structured ITS molecules could diverge at different rates. For example, sequence analyses showed that both S. feltiae and S. kraussei, species with the highest intraspecific divergence in our analysis, have nucleotide positions with high level of substitutions in few loci along the ITS, probably in the loops. Perhaps these species have a similar secondary RNA structure, facilitating the nucleotide changes and thus increasing intra-specific divergence. Hillis and Dixon (1991) suggested that homogenisation mechanisms tend to lower the level of rDNA polymorphism in a population and the authors hypothesised the existence of 'concerted evolution' as a result of such mechanisms. These mechanisms, however, can be disturbed by intracellular factors, leading to heterogeneity. Heterogeneity was clearly visualised by the multiple peaks during direct sequencing of PCR products of both S. feltiae and S. bicornutum. High levels of intra-specific sequence divergence were observed in both species. If one assumes that such homogenisation mechanisms would somehow be less active in these steinernematid species, their higher level of sequence divergence could then be explained. However, we did not detect any ITS rDNA heterogeneity for S. kraussei, another species with high intraspecific divergence. It is probable that multiple factors may influence the level of intraspecific divergence in steinernematids and we acknowledge that the different levels of intraspecific sequence divergence reported herein may be an artefact caused by the varying number and geographical spread of isolates within different species.
The levels of intra-and inter-specific divergence were analysed together with morphological and ecological data. The results suggested that 27 of the isolates of putative species belonged to 15 new species and that only one isolate, Steinernema sp. 11, was probably conspecific with a nominal species, S. siamkayai, as a very low level of sequence divergence (1.2%) was observed between the two isolates. Study of the RFLP of this isolate revealed its similarity with an undescribed isolate from Sri Lanka (Hussaini et al., 2001) , which was considered conspecific with the recently described S. asiaticum (Anis et al., 2002) . The proposed differential diagnosis of this species is not decisive and additional studies are needed to elucidate its status and its relationships with S. siamkayai and Steinernema sp. 11. Our molecular data revealed that some isolates of species that are currently identified, on the basis of their morphological similarity, as being conspecific, can be separated into several species. For example, our analyses suggest that 'S. intermedium'-like isolates from Europe do not belong to S. intermedium (USA, topotype) but to three, as yet undescribed, species (Steinernema spp. 4, 5, 7).
PHYLOGENY OF THE GENUS STEINERNEMA
Our comprehensive analyses of the phylogeny based on the ITS region provides a new insight into the relationships between groups and species of steinernematids. This study supports the same evolutionary lines previously found by Stock et al. (2001) on the basis of the partially sequenced 28S rDNA gene. Five main clades are observed in both analyses. However, relationships between the clades are not clear when using ITS sequences (Nguyen et al., 2001; present study) .
Clearly, some of our results differ from previous studies. In most of our trees the basal position of Clade I ('affine-intermedium'-group) was evident whereas the analysis of the very conservative 5.8S rDNA by Nguyen et al. (2001) 'tenuously but consistently' placed S. intermedium in the basal position for the genus. In the phylograms of Stock et al. (2001) , this basal position is occupied by the group S. carpocapsae + S. scapterisci + S. siamkayai and S. monticolum.
A contradiction between our results and published phylograms was also found in the position of S. monticolum. In the LSU tree of Stock et al. (2001) , and in some maximum parsimony trees for ITS by Nguyen et al. (2001) , this species clustered with S. carpocapsae + S. scapterisci + S. siamkayai. In our phylogenetic trees, S. monticolum clustered mainly with Clade II ('feltiae-kraussei' group) with weak to strong bootstrap support (Table 3) . Based on its morphometric features, such as the infective juvenile body length of 612-821 µm , this species fits into the group of steinernematids with 'me-dium sized' juveniles ('feltiae-kraussei-oregonense'), but not into the 'carpocapsae-scapterisci-tami' group with short juveniles.
Another difference between the LSU analysis and our data is the position of two populations identified as S. longicaudum by Stock et al. (2001) . In the LSU tree, the Chinese population of S. 'longicaudum' clustered with S. cubanum, whereas the American S. 'longicaudum' population was a sister taxon of S. karii. In our analyses, after excluding several species from the alignment (data not shown), the topotype Chinese population of S. longicaudum was always related to S. karii, whereas Steinernema sp. 8 was a sister group for S. cubanum. Such a clustering appears to be logical from the biogeographical point of view (Fig. 8) . It is possible that the two S. 'longicaudum' isolates studied by Stock et al. (2001) may have been mislabelled and that one of the Californian isolates may be identical to our Steinernema sp. 8, which was collected from North Carolina and Missouri.
MORPHOLOGICAL BASIS FOR STEINERNEMATID
PHYLOGENY
In the analysis by Stock et al. (2001) , only three characters were not homoplastic, viz two autapomorphies in S. glaseri and S. affine (presence/absence of notch on the spicular lamina and refractive inclusion in tail of infective juveniles, respectively) and one synapomorphy for S. bicornutum and S. ceratophorum (presence of infective juvenile lateral projection or horn-like structures). In addition, our study showed the highest consistency index (CI = 1.0) for the following morphological features: structure of bacterial vesicles; colour of male copulatory apparatus; and position of the excretory pore. A CI of 0.67 was observed for sperm structure.
Spermatozoon morphology is proposed for the first time in the reconstruction of steinernematid phylogeny. It was previously shown that spermatozoa in Steinernema are diverse . The formation of chains of several steinernematid spermatozoa was reported by Bovien (1937) , and a rich diversity of giant amoeboid cells (transformed sperm) was found between Steinernema species. Species of Clade I and Clade III are characterised by chain-forming spermatozoa, giant transformed sperm only being reported in representatives of Clades II, IV and V. Features of the sperm may be easily discovered during examination of living females and the entire character set of features related to steinernematid spermatozoa is an attractive addition to the analysis.
The presence of lateral projections or horn-like structures on the cephalic end of the infective juvenile was synapomorphic for Clade IV and the character of slightly yellowish or colourless spicules was synapomorphic for Clade I.
In our matrix, differences in lateral field morphology of infective juveniles were grouped into states similar to, but distinct from, those used by Stock et al. (2001) . The consistency index was still low (0.4) for this feature, the variability of juvenile lateral field structure in some clades probably being responsible for this. Several clades are characterised by uniform structure of the lateral field: species in Clade I have a lateral field with two ridges in the centre; in Clade II species have four central ridges and pronounced marginal ridges, but weakly developed submarginal ridges; in Clades IV and V species have eight equal ridges (which appear as nine lines with equal spaces between). Different types of lateral field were reported for Clade III: S. kraussei and S. feltiae are characterised by a lateral field with three or four central ridges plus prominent marginal and weakly developed submarginal ones, whereas some other species of this clade have a lateral field with either eight or six (as in S. oregonense) equal ridges (Table 4) .
The presence of the bacterial vesicle is a stable characteristic for steinernematid species (Bird & Akhurst, 1983) . In our analysis the CI value for this feature equals 1.0. Representatives of Clade I ('affine-intermedium' group) have swollen, thin-walled vesicles with a large inner space, and fill the body diameter in mature juveniles. Species of Clade III ('feltiae-kraussei-oregonense' group) are characterised by more compact and thick-walled vesicles, which usually do not impact upon the general shape of the intestine. Nevertheless, the latter type of vesicle is not synapomorphic for this clade, as similar, though smaller and usually rounded, bacterial vesicles are common for the species of Clades II and IV. Similar vesicles were observed in S. rarum. A true vesicle is probably absent in the species composing Clade V. Further research is needed to validate the use of detailed vesicle morphology in the phylogenetic analysis of Steinernema.
ECOLOGICAL AND GEOGRAPHICAL PATTERNS IN STEINERNEMA PHYLOGENY
Recently, general patterns of natural steinernematid distribution were discussed by Hominick (2002) who reviewed the available, often contradictory, information. The distribution study of Steinernema by Sturhan (1999) , which was based on several hundred soil samples col-lected throughout Germany, revealed that some species have habitat preferences (e.g., S. affine is a species characteristic of grasslands and arable soil). The habitat preferences of steinernematids are presumably largely determined by the distribution of their host insects (Peters, 1996) and other factors, including soil type and temperature. As insects correspond in their distribution to plant associations, habitat preference of steinernematids may also be expected. Some cases of congruence between ecological features and the genetic relationships of steinernematids became obvious during mapping of our data. Species of Clade I are divided into several groups each with characteristic habitat preferences (Fig. 4) : S. affine is a species of open landscapes, viz grassland or cultivated soil, whereas S. intermedium (USA) and Steinernema sp. 5 (Europe) appear to be inhabitants of woodlands (Spiridonov & Moens, 1999) . This result contradicts that of Kramer et al. (2000) , who reported that S. intermedium is a common inhabitant of grasslands in Swiss lowlands. The identification of this species, however, was based on morphological characters only, and the conspecific status of this Swiss isolate with the North American S. intermedium was not evident. Sequence analysis of one of these Swiss isolates (CH 221) revealed its similarity to Steinernema sp. 7 from Estonia. This latter isolate was only found in grasslands of Southern Estonia, whereas Steinernema sp. 5 (isolate E6) was common under the canopy of deciduous and mixed forests in the same area.
Habitat preference patterns were also observed in Clade III (Fig. 6) . All of our S. feltiae isolates originated from grasslands or cultivated soil, though Sturhan (1999) also reported it from woodland. Steinernema kraussei isolates in our collection were mainly obtained from woodlands. However, S. kraussei was also reported from alpine grasslands in Switzerland (Steiner, 1996) and Scotland (Gwynn & Richardson, 1996) , and from alpine meadows in Bulgaria (Shishinova et al., 2000) . The Iceland isolate of S. kraussei was obtained from a swampy, treeless, area in a volcanic valley. The distribution of S. kraussei in woodland habitats is almost a rule in lowland parts of Europe, although this species can also be commonly found outside woodlands at high altitudes and latitudes.
An attempt was recently made to analyse the geographical distribution of steinernematids (Hominick, 2002) . Any such estimation based on morphological identification only might be risky because of the difficulties in accurately identifying Steinernema species. Kerry and Hominick (2002) indicated that accurate identification is a key factor in understanding of geographical distribution and biodiversity of steinernematids.
Several geographical patterns of steinernematids can be observed from the data presented here. Some species are found throughout the temperate belt of the northern hemisphere. Hence, S. feltiae from the USA (isolate 88) is identical in its ITS sequence to the topotype isolate from Europe. However, this must be interpreted with the caveat that the distribution could be the result of introduction events.
Steinernematids quite often form groups of closely related isolates with a specific geographical area of distribution. Separate clades for North American and Eurasian species are obvious in Clades I, III and IV, with some level of independence of subtropical and tropical species from those inhabiting temperate regions in Clades II and V.
Conclusions
The analysed set of sequence data from the ITS rDNA region of steinernematids provided new information concerning the composition of five main clades in the genus Steinernema and the phylogenetic relationships inside these main steinernematid evolutionary lineages. ITS rDNA data were confirmed to be of little value for resolving relationships between clades, something previously suggested by Nguyen et al. (2001) . The level of intraspecific variability differs between clades, reaching 2.5% in S. feltiae. These different levels of variability should be taken into account when delimitating new steinernematid species. The morphology of steinernematids adds little data for the reconstruction of their phylogeny, but can support decisions about species independence when the observed differences in ITS rDNA nucleotides are close to the intra-specific level (e.g., Steinernema weiseri and Steinernema sp. 2 vs S. feltiae and S. kraussei, respectively). Although original data about habitat preferences of steinernematids are sometimes contradictory -and this phenomenon can be latitude-or altitude-dependent -the data suggest some preferences for specific ecosystems between species of Clades I and III. Biogeographical patterns are apparent in the phylogeny of some clades. logical examination. We would like to thank two anonymous reviewers for their helpful comments. This work was made possible through the support of the Russian co-authors by the Agricultural Research Centre in Merelbeke, Belgium. The work in Russia was supported by RFBR grant 02-04-48389.
